A Merkel cell-neurite complex is a touch receptor composed of specialized epithelial cells named Merkel cells and peripheral sensory nerves in the skin. Merkel cells are found in touch-sensitive skin components including whisker follicles. The nerve fibers that innervate Merkel cells of a whisker follicle extend from the maxillary branch of the trigeminal ganglion. Whiskers as a sensory organ attribute to the complicated architecture of the Merkel cell-neurite complex, and therefore it is intriguing how the structure is formed. However, observing the dynamic process of the formation of a Merkel cell-neurite complex in whiskers during embryonic development is still difficult. In this study, we tried to develop an organotypic co-culture method of a whisker pad and a trigeminal ganglion explant to form the Merkel cell-neurite complex in vitro.
| INTRODUC TI ON
A Merkel cell-neurite complex is a touch receptor found in vertebrates that is composed of Merkel cells and sensory nerves in the skin (reviewed in Woo, Lumpkin, & Patapoutian, 2015) . Merkel cells are an infrequent population of epithelial cells that exist in the skin of most vertebrates (Moll, Paus, & Moll, 1996) . Merkel cells are found in touch-sensitive regions of the skin such as lips, fingertips, touch domes (specialized mechanosensitive spots in the skin), and whisker follicles (Halata, Grim, & Bauman, 2003; Woo et al., 2015) . Among various kinds of epithelial cells, Merkel cells are characteristic because they are innervated by sensory neurons at the interface between the epithelium and mesenchyme (Halata et al., 2003; Woo et al., 2015) . The whisker pad system comprises whisker follicles and trigeminal sensory nerves, and Merkel cells of individual whisker follicles receive somatosensory innervation from axons in the maxillary branch of the trigeminal ganglion and then precisely transmit the mechanosensory information to the brain (Erzurumlu, Murakami, & Rijli, 2010) . The whisker follicles begin to appear on the nose of a mouse at approximately embryonic day 12 (E12) during development (Van Exan & Hardy, 1980) . After follicle formation, a Merkel cell-neurite complex, composed of Merkel cells and a highly complicated, yet ordered neurite network, begins to develop at E16 and until the end of the first postnatal week (Fundin, Mikaels, Westphal, & Ernfors, 1999) .
Trigeminal nerve cells from rat embryos are known to extend nerve fibers by stimulations with nerve growth factor (NGF) or neurotrophin-4 (NT-4) (Genc, Ulupinar, & Erzurumlu, 2005; Ibanez et al., 1993) . However, the dynamic process of the formation of a Merkel cell-neurite complex cannot be observed directly because these developmental events occur during embryonic development in the mother's uterus.
To elucidate the formation of the whisker system that consists of a whisker pad and a trigeminal ganglion, a variety of organotypic co-cultures have been established that contribute to understanding the role of tissues, genes and secretion molecules involved in this system (Davies, 1988; Erzurumlu, Jhaveri, Takahashi, & Mckay, 1993; Lumsden & Davies, 1983; O'connor & Tessier-Lavigne, 1999; Ulupinar, Jacquin, & Erzurumlu, 2000) .
However, to our knowledge, there has been no report on continuous observation of the morphogenesis of developing whisker follicles and the interactions between the follicles and trigeminal nerves in an organotypic co-culture because on the organotypic culture methods in these reports, a whole whisker pad placed with the ventral side down (skin surface side up) on a microporous membrane directly or in collagen gels. It seems that the placing direction of the whisker pads is not ideal because the weight of the explants and forces of gravity will interfere with the morphogenesis of the whisker follicles. Ectodermal organ germs such as cutaneous appendages (e.g., whisker follicles and feather buds) and tooth germs have been organ-cultured using Trowell's method (Desbiens, Queva, Jaffredo, Stehelin, & Vandenbunder, 1991; Jernvall, Aberg, Kettunen, Keranen, & Thesleff, 1998; Narhi et al., 2008; Trowell, 1959) . Based on these techniques, we performed an organotypic cultivation of ectodermal organ germs and reconstituted organ germs in a type-I collagen gel drop (Ishida & Mitsui, 2016 , 2018 Ishida et al., 2011 Ishida et al., , 2013 Nakao et al., 2007) . From this information, we assumed that a single whisker row dissected from a whisker pad and laid sideways in a collagen gel drop will form whisker follicles in an organotypic culture. In addition, by cocultivation with a trigeminal ganglion explant, we expected to be able to continuously observe the process of formation of a Merkel cell-neurite complex under a microscope.
In this study, we attempted to develop an organotypic co-culture method to observe the formation of a Merkel cell-neurite complex found in whiskers. In particular, we tried to observe the morphogenesis of developing whisker follicles on a dish by cultivating a single row of whiskers. In addition, we were able to obtain radially extended sensory nerves from dissected trigeminal ganglion explants in our organotypic cultivation with the addition of NGF treatment.
Finally, we co-cultured a whisker row with a trigeminal ganglion explant and used immunohistochemistry to analyze the formation of the Merkel cell-nerve complex in vitro. Our study likely contributes to understanding the interactions between the ectodermal mechanosensory organs and peripheral sensory neurons.
| MATERIAL S AND ME THODS

| Animals
C57BL/6 mice were purchased from Japan SLC Inc. Animal care and handling conformed to the National Institute of Health guidelines.
All animal experimental protocols were approved by the Life Science Committee of Aoyama Gakuin University (permit no. A8-15, A8-16 and A8-17) and Animal Care and Use Committee of Chiba University (permit no. 29-253).
| Immunohistochemistry
Immunohistochemical analyses were performed using 8 μm-thick fresh-frozen sections. The sections were fixed with 4% paraformaldehyde in PBS (−) for 10 min and blocked with 0.5% skim milk (Nacalai tesque), 0.25% fish gelatin (Sigma-Aldridge) and 0.5% Triton X-100 (Wako) in TBS for 1 hr at room temperature.
The sections were incubated with primary antibodies against the Neurofilament-H (1:800; rat; Chemicon), β-catenin (1:1000; rat; Sigma), cytokeratin 8 + 18 (1:800; rabbit; Abcam), SOX2 (1:800; goat; R&D systems), Nestin (1:800; chicken; Abcam), SOX10
(1:800; rabbit; Abcam), TrkA (1:200; rat; Merck Millipore), TrkB 
| Organotypic culture
Whisker pads and trigeminal ganglia were dissected from the heads of E12 mice. Whisker row 2 was trimmed from a whisker pad before cultivation (see also Figures 1a and S2 ). Phase-contrast images were captured using an Axio Vert.A1 microscope and AxioCam 503 mono. The length of whisker follicles after 1, 3 and 7 days in culture, and the area of trigeminal nerve fibers were measured using ImageJ software (NIH).
| In situ hybridization
In situ hybridization was performed using 10 μm-thick frozen sections as previously described (Ishida & Mitsui, 2016) . Digoxygeninlabeled probes for specific transcripts were prepared by PCR with 
| Calcium imaging
| Statistical analysis
All data are presented as mean ± SEM. We used a two-tailed Student's t-test to calculate the p-value for statistical significance.
| RE SULTS
| The invasion of trigeminal nerve during early whisker follicle development
We first investigated the formation of the Merkel cell-neurite complex during whisker pad development in embryonic mice. The major whiskers of a mouse are arranged on the nose in five rostrocaudal rows and one dorsoventral row (Van Exan & Hardy, 1980 ) (see also the illustration in Figure 1a ). The whisker follicles begin to appear on the nose at approximately E12 during development (Van Exan & Hardy, 1980) . In this study, we focused on the whisker follicles that were labeled as horizontal row 2 and β in the vertical row comprising δ, γ, β and α (Figure 1a ; The numbering of whisker rows was according to Wrenn & Wessells, 1984; Narhi et al., 2012) . We first analyzed the expressions of Neurofilament-H (NF-H) and β-catenin in a whisker pad of an E12 mouse embryo. Figure 1b and d). SOX2 is also known as a marker of Schwann cell (Le et al., 2005; Liu et al., 2015) . For detailed analyses regarding the formation of a Merkel cell-neurite complex, we tested for the expression of Nestin, which is known as the marker of terminal Schwann cells in sensory nerves (Maksimovic et al., 2014; Woo, Baba, Franco, Lumpkin, & Owens, 2012) , and SOX10, which is a key transcription factor of Schwann cell development (Britsch et al., 2001; Liu et al., 2015) . Cells that were positive for all of Nestin, SOX10 and SOX2
were detected near the Merkel cells and nerve fibers (Figure 1e ).
These results suggest that the Merkel cell-neurite complex comprising Merkel cells, sensory nerves and Schwann cells in the mouse whisker forms by E16.
| Cultivation of a dissected single whisker row
To investigate the mechanisms of whisker follicle development, researchers have developed a method for culturing a whisker pad using a Trowell-type culture technique (Narhi & Thesleff, 2010; Narhi et al., 2008; Trowell, 1959) . However, it was difficult to observe the down-growth of cultured whisker follicles using this method, because the dissected whisker pad was placed horizontally (with skin surface side up) in a culture well ( Figure S1 ). In order to improve on this issue, we tried to dissect a single whisker row from a whisker pad of an E12 mouse embryo and cultured it in a type I collagen gel on a cell culture insert for 7 days ( Figures S2 and 2a) . After 1 day of culture, four whisker placodes (β, a, b and c) were formed (Figure 2a) .
After 3 days, eight placodes (β and a-g) were observed (Figure 2a) .
By day 7, three or four whisker follicles (β, a, b and c) had formed on the dissected whisker row in culture (Figure 2a ). The growth of other follicles (d, e, f, and g) was probably disturbed by the lack of space, as the dissected whisker pad hardly expanded in our culture compared to natural developmental conditions. However, in this culture, the growth of the whisker follicles can be observed under a microscope without fixing or sectioning the tissue. We then measured the length of elongated whisker follicles after 7 days of culture. As shown in the series of images in Figure 2a 
| Characterization of trigeminal ganglion in the mouse embryo
In order to form a Merkel cell-neurite complex in culture, we thought that the whisker pad should be co-cultured with a trigeminal ganglion. To dissect and culture a trigeminal ganglion, we needed to identify its location. Advillin (Avil)-expressing trigeminal ganglion cells (Hasegawa, Abbott, Han, Qi, & Wang, 2007) were located behind the eyes of an E12 mouse embryo ( Figure S4 ). NF-H-positive maxillofacial major nerves from a trigeminal ganglion scattered into the whisker pad (Figure 3a, b) . The trigeminal ganglion is composed of a heterogeneous population of nerve cells, which express several kinds of transmembrane receptors such as neurotrophin receptor tyrosine kinases (Trks) (Genc et al., 2005) . To determine a culture condition of a dissected trigeminal ganglion, we analyzed the expressions of TrkA (receptor for NGF), TrkB (receptor for BDNF and NT-4/5), and TrkC (receptor for NT-3) (Chao, 2003) . In Figure 3c , approximately one thousand TrkA-expressing trigeminal nerve cells were observed in the section by immunohistochemical analysis. On the other hand, approximately 200 TrkB-or TrkC-expressing cells were detected in the sections (Figure 3d , e, respectively). These results suggest that trigeminal nerve cells from an E12 mouse could respond effectively to NGF rather than other neurotrophic factors.
| Organotypic cultivations of a dissected trigeminal ganglion from an embryonic mouse
In order to culture a trigeminal ganglion in vitro, we tried to dissect trigeminal ganglion tissues from the head of an E12 mouse, and indicator Cal-520. It is well known that high potassium conditions lead to an increase in Ca 2+ concentration in cultured nerve cells (Sisnaiske et al., 2014; Yao, Zhao, Liu, Chow, & Mei, 2016) . In the basal K + condition, no increase in Ca 2+ concentration was detected (Video S1). On the other hand, an increase in intracellular Ca 2+ was observed in the high K + condition (Video S2). These results suggest 
| In vitro formation of a Merkel cell-neurite complex in the organotypic co-culture
Next, we developed a co-culture system with a dissected whisker pad and a trigeminal ganglion taken from an E12 mouse embryo (Figure 5a ). We arranged a row of the whisker pad and trigeminal tissue closely in a collagen gel drop and cultured for 7 days (Figure 5a ).
Multiple whisker follicles grew, and trigeminal nerve fibers elongated at the frequency of 70.5% (Figure 5a ). In order to confirm the forma- 
| D ISCUSS I ON
In the present study, we could monitor the down-growth of whisker follicles continuously by dissecting a single row of whiskers from a whisker pad taken from a mouse embryo (Figure 2a) . The whisker follicles elongated obliquely into the underlying dermis (Figure 2a) as they do during natural development (Figure 1c) . Additionally, selfformation of a cluster of Merkel cells was observed on the elongated whisker follicles (Figure 2c ). These observations suggest that the cultivation of a row of whisker pad explants reproduced the natural whisker follicle formation and development process, except for the failure to form follicles due to limitations in space. Ectodermal organ germs such as whisker follicles, tooth germs and feather buds have been cultured using Trowell-type organ culture technique (Desbiens et al., 1991; Jernvall et al., 1998; Narhi et al., 2008; Trowell, 1959) .
In addition, we have previously reported in vitro reconstitutions of several ectodermal organ germs including tooth, glands and feather using Trowell's culture method (Hirayama et al., 2013; Ishida & Mitsui, 2016; Ishida et al., 2011; Nakao et al., 2007; Ogawa et al., 2013) . In the previous study, Narhi et al. (2008) visualized clearly the formation of placodes in whiskers and sensory hairs on the dissected whole whisker pad of the K17-GFP reporter mouse in organ cultures.
A culture containing whole whisker pads is advantageous for analyzing the pattern of formation of whisker placodes, whereas it was improper for observing the morphogenesis of individual whisker follicles ( Figure S1 ). In our culture method, we can observe the whisker follicle morphogenesis from a side view. This method will contribute to the study of whisker follicle morphogenesis by using other technologies such as transgenic animals and in vitro transfections.
Several studies have examined the function of neurotrophic factors using cultures of trigeminal ganglion explants (Genc et al., 2005; Ibanez et al., 1993) Furthermore, it has been reported that TrkC-expressing trigeminal neurons drastically decrease from E11.5-13.5 (Huang et al., 1999) .
Indeed, trigeminal ganglion explants dissected from an E12 mouse To study the trigeminal system consisting of the trigeminal nerves invading the upper jaws and reaching peripheral tissues such as whisker follicles, several co-culture systems have been reported (Davies, 1988; Erzurumlu et al., 1993; Lumsden & Davies, 1983; O'connor & Tessier-Lavigne, 1999; Ulupinar et al., 2000) . Lumesden and Davies co-cultured trigeminal ganglion explants with tissue from the maxillary process as the target of the trigeminal nerve innervation in collagen gels (Lumsden & Davies, 1983) . They showed that E10 and E11 trigeminal ganglion explants showed target-directed outgrowth toward whisker field tissue explants, whereas in the case of E12 ganglion tissues, a lower incidence of target-directed outgrowth had been observed (Lumsden & Davies, 1983) . Erzurumlu et al. have shown the formation of circumfollicular plexuses around whisker follicles, similar to the natural developmental process, by the whole-mount co-culture of a trigeminal ganglion with a whisker pad from an E15 mouse embryo (Erzurumlu et al., 1993) . In addition, other co-culture methods using a combination including whisker pad, trigeminal ganglion and the brainstem from E13 or E15 mouse, have been used to examine the effect for axonal morphogenesis with NGF or NT-3 treatment (Ulupinar et al., 2000) . Unfortunately, however, the morphogenesis of whisker follicles and the formation of a Merkel cell-neurite complex have not been discussed in these reports. In this study, we developed a novel co-culture system to analyze whisker follicle morphogenesis and the formation of a Merkel cell-neurite complex on a dish. In our method, whisker pads were dissected in a single whisker row, so we could observe whisker morphogenesis occurring in an organotypic culture under a microscope. Realistically, however, our organotypic co-culture method could not recapitulate all processes of the formation of a Merkel cell-neurite complex during natural development; for instance, a major nerve bundle named the "maxillary branch" that extended from a trigeminal ganglion was not observed in our culture (see Figures 3b and 4d) . Additionally, in our method using a whisker row and a trigeminal ganglion from an E12 embryo, 7 days were required to form a Merkel cell-neurite complex, compared with whisker formation at E16 in vitro. The delay of the Merkel cell-neurite complex formation may be caused by extended distance between trigeminal nerves and whisker placodes. At E12, trigeminal nerves already reached approximately 50 μm beneath the mesenchyme of the whisker placode in vitro (see Figure 1b) . On the other hand, the distance between the whisker placode and the trigeminal ganglion explants was roughly 500 μm at day 0 in vitro (see Figure 5a ). Therefore, our method appears to require more time to 
CO N FLI C T O F I NTE R E S T
The authors declare no competing financial interests.
O RCI D
Kentaro Ishida
http://orcid.org/0000-0002-2365-2509
